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Abstract
Evaluation of historical meandering since 1937 shows that the active floodplain of the
middle reach Skagit River between Rockport and Sedro-Woolley, Washington, has
periodically been a significant source of sediment to the lower Skagit River and delta. In
response to recent findings that the Sauk-Suiattle on average only supplies approximately
30% of the sediment load observed at Mount Vernon, I examined the geomorphic change and
potential sediment production of the middle reach to test whether it is a significant source to
the lower river. I tested the hypothesis that the 20-mile (32-km) middle reach has been a net
source of sediment to the delta, at least since the mid-2000s that comprehensive sediment
load monitoring has been conducted at Mount Vernon. A new tool constructed with ArcGIS
model builder that integrates analyses of lateral meander migration from aerial
photogrammetry with digital elevation data (e.g. lidar) automates the calculation of sediment
volume produced by bank erosion versus stored in bars, islands, and side channels through
time. While the results reveal changes in net sediment production through time, they show
that for the period 2006 through 2015, recruitment of floodplain sediment from the middle
reach to the active channel produced ~27% of the annual sediment mean load measured at
Mount Vernon. The sediment source was dominated by lateral incision at rates of 3-8 m/yr in
several areas of high-relief (3-15 m) banks characterized by unconsolidated, friable glacial
outwash or lahar deposits. Decadal-scale sediment production from the floodplain to the
active channel associated with highest meander rates and storage within the reach correlate
with periods of frequent moderate floods, whereas periods of net sediment export to the
lower river correlate with highest peak flows that presumably erode and flush sediment from

iv

the system. These results help quantify recent channel dynamics, rates of change, and sources
of sediment that influence sediment transport and recent sediment aggradation patterns
downstream, that are in turn important to flood risk and salmon habitat. The results and
model also help inform decision makers how these sources of sediment and their impacts
may change with projected increases in the magnitude and frequency of floods and sediment
production expected with climate change across the Pacific Northwest. The methods and
model developed in this study can be readily applied to other systems with historical timeseries of mapped floodplain and channel changes to evaluate sediment budgets and impacts
to habitats associated with meandering behavior.
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Introduction
Flood risk management is an integral part of living along rivers and in coastal regions

where shorelines dynamically respond to complex changing hydrodynamic conditions. This
is especially prevalent in Puget Sound, Washington, USA where precipitation is high and the
steep, geologically young North Cascades and Olympic Mountains produce extreme runoff
that commonly produces catastrophic flooding. The Skagit River is the largest river draining
into Puget Sound, and flows through sizeable population centers including the towns of
Concrete, Sedro Woolley, and Mount Vernon (Figure 1). These communities are located in a
region with a long history of flooding and continue to be vulnerable to flood hazards. In
addition to flooding, the Skagit River serves as important spawning habitat for salmonid
species.
Dikes and levees completely constrain the lower reaches of the Skagit River
(downstream of Mount Vernon, WA), (Figure 2). The dikes and levees in this area provide
protection for a 4% ACE flood (U.S. Army Corps of Engineers, 2014). The river is elevated
above the floodplain within these lower reaches, and continued channel aggradation will
lower flood conveyance and increase flood risk (Grossman, In Review). Additional hazards
to communities along the Skagit River are projected to increase in response to more intense
and frequent peak floods and rising sea level (Hamman et al., 2016).
The Skagit River delivers approximately 2,500,000 tons of sediment per year to Puget
Sound, contributing nearly half of the total sediment delivered to Puget Sound (Curran et al.,
2016; Czuba et al., 2011). While it has been hypothesized that the bulk of sediment delivered
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to the mainstem Skagit River was sourced from the Sauk River, recent data suggest that the
Sauk River contributes on average only 25-35% of the total sediment load (Jaeger et al., In
Review). This implies that other sources produce the remaining 65-75% of the sediment load
observed at Mount Vernon, of which there are three principal contributions: (1) the Skagit
River and Baker River above five major hydroelectric projects (hypothesized to be low); (2)
other smaller tributaries below the dams such as Cascade River and Goodell Creek; and or
(3) remobilization of sediment from stream banks, bars, and islands within the middle reach
between Rockport and Mount Vernon. Pleistocene glacial outwash deposits are being
actively eroded along the mainstem Skagit River and have thicknesses of up to 20 m (Riedel
et al., 2010).
To help identify and quantify the sources of sediment to the lower Skagit River, this
study integrated models of historical channel meander rates with high resolution topographic
data derived from lidar to quantify the sediment production, storage and export across
remobilized banks, bars and islands of the middle reach. ArcGIS analysis of time series aerial
photographs (Table 1) combined with lidar was analyzed to reconstruct historical patterns
and rates of meander migration, and estimates of the volume of sediment transferred between
reservoirs and the active channel. This study is one component of a larger integrated
investigation of the hydrology, sediment transport behavior, and ecosystem change of the
Skagit River System working to improve salmon habitat and protect human livelihood from
flooding.

2

2

Background

2.1

Skagit River Watershed

2.1.1

Overview

The Skagit River watershed is an 8,280 km2 basin with an average elevation of 984 m
draining the western slope of the North Cascade mountains located in western Washington,
USA (Figure 1). The headwaters of the Skagit River originate in southern British Columbia,
Canada and contain numerous glacially-fed tributaries from two Cascade stratovolcanoes:
Mount Baker (3,286 m), and Glacier Peak (3,212 m). Near Mount Vernon, WA, the Skagit
River bifurcates and both the north and south forks feed into Skagit Bay forming a large,
rapidly evolving delta (Grossman, et al, 2011). In 2013, the north distributary underwent a
major avulsion and the main flow, once directed to the west by the jetty, now flows to the
southwest. The old channel controlled by the jetty continues to fill with sediment, and the
avulsion now allows sediment to flow directly towards some of the last remaining intact
eelgrass beds in Skagit Bay. Eelgrass beds are important to salmonid species and are
sensitive to high turbidity levels and sediment burial and abrasion (Lacy, 2004).
The Skagit River system has over 240 kilometers designated as scenic and recreational
under the Wild and Scenic Rivers Act (“National Wild and Scenic Rivers System,” n.d.).
Despite Wild and Scenic Designation, humans have significantly altered many of its
tributaries and the mainstem, (Figure 2). Five major hydroelectric projects are in the Skagit
River Basin, two on Baker River, and three along the mainstem Skagit. The dams effectively
trap sediment from approximately one-half the area of the Skagit River Basin. The reservoirs
in the Skagit watershed can hold approximately 13% of the annual discharge (Weisberg,
3

1991). In addition to hydroelectric dams, the Skagit River has numerous segments of banks
that are armored and the mainstem and its distributaries are almost entirely constrained by
dikes and levees downstream of Sedro Woolley, WA (U.S. Army Corps of Engineers, 2008).
The Skagit River downstream of the confluence with the Sauk has a much lower stream
gradient of 0.9 m/km and remains relatively unhindered by major bank protection projects
until it reaches Sedro Woolley (U.S. Army Corps of Engineers, 2008). Dikes and levees in
the lower reaches below Sedro Woolley provide further protection from erosion through the
emplacement of riprap and nearly all are armored (U.S. Army Corps of Engineers, 2014).

2.1.2

Flooding History and Anthropogenic Interventions

The Skagit River Valley has a long history of flooding and flood mitigation measures
including the construction of over 150 miles of dikes by 1895 (The Skagit News, 1895). In
addition to dams, levees and dikes provide protection for 4-5% exceedance probability floods
in the lower reaches of the Skagit River (Northwest Hydrologic Consultants, 2013).
Structures emplaced on the Skagit River delta to control sediment include the McGlinn
Island Jetty constructed by the Army Corps of Engineers in the 1930s and 40s. The jetty
protected the newly dredged Swinomish Channel to the north of the Skagit delta but
negatively impacts important wetland habitat (Grossman et al., 2011). Nearly 24 kilometers
of hydromodifications exist along the middle reaches of the Skagit River (USIT, 2010).
The largest recorded floods on the Skagit occurred in 1897, 1909, 1917 and 1921, all
prior to the construction of dams in the Skagit River Basin (Northwest Hydrologic
Consultants, 2013). No stream gauges were in place on the river at this time but the estimated
discharge during the largest 1897 flood was 265,000 cfs (Northwest Hydrologic Consultants,
4

2013). The construction of dams has reduced the frequency and magnitude of flooding in the
region but their primary use is for hydropower.
Major flooding events post-dam construction occurred in 1990, 1995, and 2003. These
floods had exceedance probabilities of 10%, 4% and 4% respectively (Northwest Hydrologic
Consultants, 2013). Damage to communities in the lower reaches was extensive during 1990,
but additional flood mitigation efforts such as sandbagging prevented significant damage
during the 1995 and 2003 floods (Northwest Hydrologic Consultants, 2013). Estimated
damages for a 1% exceedance probability flood are one billion dollars (Northwest
Hydrologic Consultants, 2013). As an additional flood protection measure, the Army Corps
of Engineers’ Reservoir Control Center controls dam releases from the Ross and Upper
Baker River Dams during large storms to mitigate downstream flood impacts (Neiman et al.,
2011).
The northern part of the Skagit River Basin has five major hydroelectric projects, fed
primarily by tributaries draining Mount Baker (Table 2, Figure 2). There are three dams
located along the mainstem of the Skagit, and two dams on Baker River. The three dams
along the mainstem Skagit are Gorge, Diablo and Ross Dams, operated by Seattle City Light,
and form Gorge, Diablo and Ross Lakes (Seattle City Light, n.d.). The two dams located
along Baker River are the Lower and Upper Baker River Dams, operated by Puget Sound
Energy and form Lake Shannon, and Baker Lake (Puget Sound Energy, n.d.). The dams
effectively limit sediment supply downstream and the result is sediment-starved tributaries in
the northern half of the Skagit River Basin.
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2.1.3

Skagit Salmon Recovery Plan and Habitat Studies

The Skagit River is one of the most important watersheds in the Puget Sound for salmon
spawning and contains important habitat for all six Pacific salmonid species. The Skagit
River has a long history of salmon recovery efforts, starting with the Skagit Chinook Group
in 1994. The Skagit Chinook Group is a collaboration between the Washington Department
of Fish and Wildlife (WDFW) and tribes within the Skagit Basin, represented by Skagit
River Systems Cooperative (SRSC), (Beamer et al., 2005). The 2015-revised Skagit Chinook
Recovery Plan focuses on the recovery of Chinook salmon populations, which have six
distinct stocks within the Skagit Watershed (SWC, 2015). Key targets of the 2015 plan are
concerned with the quality and connectivity of freshwater rearing sites in the Skagit Basin
which are sensitive to changes in sediment supply, river discharge and riparian vegetation
(SWC, 2015).
Sedimentation and flooding negatively affect salmon spawning habitat. Sedimentation
resulting from mass wasting is a cause of salmon spawning habitat degradation. Burial and
abrasion by coarse sediment dislodges eggs, and fine sediment suffocates eggs and salmon
fry (Beamer et al., 2005). Flooding also reduces salmon survival due to streambed changes
from high peak flows (Beamer et al., 2005). Additional flood mitigation measures such as
dikes and levees degrade spawning habitat in the lower reaches of the Skagit River (Beamer
et al., 2005). Hydromodifications such as riprap, common to the middle and lower Skagit
River limit erosion of channel banks and reduce the area of backwater necessary for salmon
rearing (Beamer et al., 2005).
The salmon recovery plan of the Skagit is a long-term planning strategy that has
6

initiated many different studies within the Skagit River Basin. Studies along the Skagit River
include overall sediment budget and supply studies (Curran et al., 2016; Czuba et al., 2011).
The geomorphology of the middle reaches has been repeatedly examined for salmonid
habitat restoration projects (Beamer et al., 2005; Smith et al., 2011; SWC, 2015, 2011).
Additionally, there have been several meander migration and avulsion risk assessment
studies along the Sauk River (DeVries, 2009, 2008; DeVries and Madsen, 2008; Park, 2009).

2.1.4

Sauk River Meander Analysis
The Sauk River is a major tributary to the Skagit River, and previous ideas suggested

that it supplied the bulk of the sediment to the Skagit River. However, new estimates suggest
that the Sauk contributes on average ~950,000 metric tons of sediment to the Skagit River,
which is approximately 38% (bedload and suspended) of the estimated sediment budget for
the Skagit (Jaeger et al., In Review). The Sauk River studies also examined the meander
trajectories for the Sauk as a part of infrastructure planning for the highway (Park, 2009).
Sauk River meander migration rate studies produced from digital mapping of aerial
photography (DeVries and Madsen, 2008) served as a guide for conducting this analysis. The
Sauk River study completed in 2009 intended to inform highway protection plans and
identify regions that may be susceptible to future channel migration (Park, 2009). No known
studies on the Skagit River have integrated meander rates based on planform mapping with
topographic relief to evaluate changes in sediment production or river flow characteristics to
evaluate drivers of past, present or future meander and erosion rates.
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2.1.5

Skagit Basin Sediment Reservoirs
Pleistocene glacial outwash deposits are extensive along the middle reach of the Skagit

River (Haugerud and Tabor, 2009). Glacial deposits incised by the mainstem Skagit River
have formed terraces of up to 20 m high along much of the study area (Figure 3) (Riedel et
al., 2010). In addition to glacial deposits, the Skagit Valley has extensive Pleistocene
alluvium deposits (Riedel et al., 2010). Many streams have reversed dendritic patterns from
stream capture during Pleistocene glaciation. The reverse dendritic patterns are a result of
multiple advances of the Cordilleran Ice Sheet, which also cause breached divides and
bisecting topography (Riedel et al., 2007).
In the lower section of the middle reach, downstream of the town of Hamilton there is a
braided section that is especially important to salmonid species (SWC, 2011). This section
also has extensive anastomosing channels, and numerous large forested islands, point bars,
and sediment deposits available for transport. Historical imagery indicates that this is a
continuously changing section of river.

2.2
2.2.1

Skagit River Flow/Climate Regime
Historical Flow Regime
The Skagit River Basin has a temperate maritime climate typical of the Pacific

Northwest. Stream flows are highly dependent on precipitation during the fall/winter and
snow/glacial runoff during the spring/summer months. The bulk of precipitation and flooding
events in the Pacific Northwest occurs during the rainy season from late October-March. The
orographic effect causes significant variability in rainfall amounts across the basin. The
largest flooding events and majority of the peak flows in the Skagit River Basin are a result
8

of atmospheric river (AR) events (Neiman et al., 2011). AR events are storm events that
bring warm, moist air from the tropics (Lancaster et al., 2012; Legg et al., 2014; Neiman et
al., 2011). Typical winter storm events produce approximately half the amount of
precipitation as an AR event (Neiman et al., 2008). In 2006, an AR triggered six major debris
flows events on Mount Rainier alone (Lancaster et al., 2012; Legg et al., 2014).
Atmospheric rivers and other major winter storms cause floods that mobilize large
volumes of sediment during single events because of associated high stream flows. The
primary sediment delivery mechanism for the Skagit River is mass wasting (Paulson, 1997).
Mass wasting rates have been elevated above estimated background sedimentation rates for
much of the last century, likely as a result of timber harvest in the basin that has been
occurring since the late 1800s (Paulson, 1997). Sediment inputs to the middle reaches of the
Skagit River are primarily from earth slumps along cut banks (Paulson, 1997).

2.2.2

Climate Change
Streams in the Skagit River basin are highly vulnerable to climate change because of

their exposure to intense precipitation during the winter, high snowpack and glacial runoff
during spring and summer. Climate change projections for the Pacific Northwest suggest an
increase in annual temperature and a slight increase in precipitation during the winter months
(Mote and Salathé, 2010). This trend leads to decreased summer flows, and increased winter
flows, (Lee et al., 2016; Murphy, 2016).
Anticipated increases in precipitation coupled with warmer temperatures during the
winter months will cause more precipitation to fall as rain. Precipitation falling on bare
ground because of reduced snowpack leads to greater runoff and faster stream response.
9

More rapid runoff is projected to lead to more debris flows and sediment runoff (Czuba et al.,
2012; Lancaster et al., 2012). Additionally, more precipitation falling as rain will lead to a
higher frequency of rain on snow events, which enhances melting of snowpack and abrupt
runoff. Snow pack attenuates the stream response by enhancing infiltration and slowing the
rate of runoff to streams (Lee et al., 2016; Murphy, 2016). Warmer, drier temperatures during
the summer months will also lead to faster glacial retreat and exposure of unconsolidated
sediment deposits in the form of moraines to runoff. Continued glacial retreat will reduce the
overall flow in river basins during the summer months (Murphy, 2016). Lower summer flows
will also lead to an increase in stream temperature, which negatively affects salmonids.
Glaciers feed several major tributaries to the Skagit River, including the upper Skagit, Baker,
Sauk, Suiattle, and Cascade Rivers.
Predicted climate change and increases in peak river flows during the winter months
are projected to contribute to increased sediment loading of the Skagit River. The bulk of
sediment transport will occur with higher flows during the winter and will shift from a
historical bi-modal pattern (e.g. fall/winter and spring freshette runoff) to a single peak
during fall/winter (Murphy, 2016). Higher river discharge has more stream power and
increases a stream's ability to transport sediment. An additional 3-6 times more sediment is
projected to be flowing down the Skagit River annually in 2080 compared to today (Lee et
al., 2016). In addition, future models also predict more frequent storm events in comparison
to the past (Mote and Salathé, 2010). It is likely that an increase in the frequency and
intensity of storms will lead to higher sediment volumes transported during each event.
The bed of the lower Skagit River has experienced up to 3 m of aggradation since
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1999 in the lower reaches and has reduced flow conveyance (Grossman, In Review). The
decrease in channel flow conveyance raises flood risk in the lower reaches, around and below
Mount Vernon. The lower reaches of the Skagit River near Interstate-5 are principal
population centers in the basin and important for producing 50-95% of the nation’s seed
market for various vegetable crops (WSU Skagit County Extension, 2014). Flood risk is
anticipated to increase with climate change as it enhances storm surges in the bays and
increase the effects of backwater (Hamman et al., 2016). Backwater effects are also more
prevalent during the winter because of overall higher tides.

3

3.1

Methods

Scope of Work
The goals of this project were to calculate the historical sediment budget for the

middle reach Skagit River by integrating channel migration patterns with digital elevation
models and evaluate potential future rates of sediment production and flux downstream by
modeling the influence of projected increases in river flow on channel dynamics and
sediment production. To accomplish these goals, the following tasks were conducted (Figure
4):
1. Compared and analyzed decadal time-series of historic aerial imagery of the
Skagit River Basin from 1937-2015 and quantified historical meandering
rates.
2. Calculated the total sediment volume produced versus stored in the system
from historical channel migration and land surface topography data.
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3. Evaluated spatial and temporal trends of sediment transport throughout the
middle reaches.
4. Identified the timing and mechanisms of sediment production, storage and
transport through correlations between historic flow data and sediment
volume changes calculated.

3.2

Aerial Imagery Analysis
Channel changes in the middle reach Skagit River were analyzed in ArcGIS from

existing aerial imagery. The Skagit River valley has an extensive aerial imagery record
because of its importance as an agricultural region (Table 1). Images from years 1937, 1956,
1969, 1978, 1983, 2003, and 2015 were collected, orthorectified and digitized by Kate
Ramsden of the Skagit River System Cooperative (SRSC). Orthorectification removes the
error produced by oblique camera angles and allows for plan view photos to be accurately
compared. Orthorectification is necessary because it is unlikely that the exact same camera
angle was achieved for locations of interest in series of photos. In addition to imagery
received from SRSC, I digitized imagery from the 2006 National Agricultural Inventory
Program (NAIP) to relate directly to 2006 lidar data (U.S. Geological Survey, 2006) used to
attribute mapped feature elevations and relief and characterize volume changes.
All analyses in this project were spatially attributed by USGS river miles downloaded
from the WADNR site (Kim, 2007) and nine geomorphic reaches consistent with previous
work in the basin (Beamer et al., 2005; SWC, 2015, 2011). The nine analysis reaches are as
follows: Skiyou, Ross Island, Cockreham, Savage, Cape Horn, Baker, Jackman, Aldon, and
Rockport, (Figure 1). These nine reaches were established based on their similar geomorphic
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characteristics and can be further categorized into an upper (confined reach) and lower
(island reach) section. The confined section has a relatively consistent singular main channel
and includes: Savage, Cape Horn, Baker, Jackman, Aldon and Rockport Reaches. The island
section has several anastomosing large channels with a main channel that changes locations
on a much shorter time scale and includes: Skiyou, Ross Island and Cockreham Reaches.
The differences between the confined and island reaches made for different analysis scales.
To keep consistent throughout the analysis a single analysis zone polygon feature class was
produced and the results of each analysis were joined to this shapefile.

3.2.1

Channel Feature Mapping
Collected imagery were imported into ArcGIS and projected into

NAD_1983_StatePlane_Washington_North_FIPS_4601_Feet. All major channel features
were digitized at a maximum scale of 1:2000 (Table 3, Figure 5) (Ramsden, 2016).
Digitization of the 2006 image followed this framework established by SRSC. The mapping
focused on discerning different land types using the following categories: wetted channel
area, active channel bars, light or sparsely vegetated bars, forested areas and cleared
agricultural areas (Table 3). Many small (<10 m wide) side channels outside of the main
Skagit River area were mapped by SRSC for salmon habitat projects. These small channels
often were located in heavily forested areas. Due to poor resolution of early imagery these
channel edges were difficult to discern and are assumed to have only a small influence on the
overall sediment budget and were therefore removed from this analysis. The larger side
channels were analyzed separately for the remainder of this analysis (Figure 6).
In addition to land type categories, the channel centerlines and the right and left
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riverbanks were digitized. The SRSC channel centerlines for 1937, 1956, 1969, 1978, 1983,
2003, and 2015 were included in the data received from SRSC. I digitized the 2006 channel
centerline by approximating the center of the main wetted channel. The right and left banks
were derived by tracing the bankfull channel from the previous digitization of land type
categories. The bankfull channel width ensured consistency due to varying discharges. All
images used in this project were acquired on multiple days of flights and river discharge
varied considerably even for individual photos (Table 1). The bankfull area for this project is
the recently active channel and includes the wetted channel and active sediment bars that
would be a part of the channel under higher discharges.

3.2.2

Meander Migration
Meander migration rates were generated and compared using the Washington

Department of Ecology’s Channel Migration Toolbox for calculating meander rates (Legg et
al., 2014). Each set of line feature classes (1937-2015) for the channel centerline, right and
left banks were input into Toolbox 1 of the Channel Migration Toolbox. The toolbox created
polygons that represent the amount of change or migration between two line feature classes.
Larger polygons correspond to greater channel migration. The polygons representing the area
of migration were attributed by reach name and reach length of the nine geomorphic reaches
to calculate the total meander migration of each reach (Figure 7). The migration rate of each
reach was determined by dividing total migration area by reach length and the number of
years in the analysis period. The toolbox was also run with just the 1937 and 2015 data to
calculate net migration and mean migration rate for the entire time period.
Meander migration rates were also calculated for individual side channels. To be
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classified as a standalone side channel included in the calculation, the channel had to meet
the following criteria: present in at least two consecutive images, wider than 10 m at its
narrowest point, and longer than 1 km in length along its centerline. Centerline lengths were
measured from the main channel centerline at the upstream confluence to the main channel
centerline at the lower confluence. In some side channels, multiple analysis reaches were
required because of changes in total channel length. The channel length varied in several side
channels as a result of mainstem meandering that would occasionally shorten an individual
channel by up to a kilometer. Additionally, the side channels changed much more rapidly
through time due to abandonment and/or reactivation. When multiple reach lengths were
used for a side channel a line was drawn approximately perpendicular to the channel to have
a consistent channel length for calculating migration.

3.2.3

Sinuosity
Channel sinuosity was calculated for the mainstem, the nine SRSC reaches and major

side channels. Channel sinuosity was calculated by using the length of the centerline divided
by the length of a straight line connecting the end points. Sinuosity was assessed to the river
mile scale. The side channels were also analyzed for changes in sinuosity through time by
looking at the length of the channels as measured from the intersection with the main channel
centerline at the upstream and downstream confluences.

3.2.4

Channel Width
Channel width was calculated by using Toolbox 2 of the Channel Migration Toolbox

to draw transects every 330 feet (1/16th of a mile) down the centerline of the main channel
and major side channels for each photo data set. The transects were then clipped by using a
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polygon representing the bank full area for each photo set. This produced a set of transects
along the river channel of the width of the active channel. In a few cases the transects drawn
along the centerline ended up at oblique angles in tight meander bends and were not
representative of the active channel width. These transects were removed from the analysis.
The remaining transects were then averaged by reach to calculate mean bankfull channel
width.

3.3

2D Change Model
A 2D model of change was constructed using ArcGIS to automate the quantification

of changes between features and time-steps derived from the digitized imagery. The model
produced polygons of regions of change within the watershed. This was done by comparing
channel features in an initial (t0) photo to channel features in a subsequent (t1) photo and
attributing the level of change based on the change in feature type (Table 4-5). For example,
if an area in t0 were classified as forested area and in t1 the same location were classified as a
wetted area this would indicate erosion because a tall forested bank was now a part of the
active channel. Additionally, this type of change would be considered a high level of change
because a sizeable volume of sediment entered the river system.
The inputs to the model were the mapped land type categories (channel feature
classes). The channel feature classes had two fields added for use by the model to
characterize the change type (text field) and change level (short integer field). Next, similar
mapping categories were grouped together in the model using the make-feature-tool. The
following categories of the channel feature classes were combined: active bars (MCB, SCB),
vegetated bars (MCVB, SCVB), wetted channel (MCW, SCW) and land type (forested,
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cleared). Grouped categories from t0 were intersected with each category from t1. The
resulting intersecting areas had the change type and change level fields attributed according
to the change observed. An additional change code field (short integer) was added to classify
individual type of change (Table 5).
In most cases the mapped channel features from the initial photo set fell slightly
outside of the mapped channel features from the subsequent set and vice versa. To
accommodate for this, an additional geoprocessing workflow was added to the model. The
channel features of the initial set were erased from the subsequent set. Similarly, the channel
features from the subsequent set were erased from the initial set. This produced feature
classes of the areas that had no overlap. The resulting change type and level could then be
classified (Table 5). In general, if an area was located outside of the mapped channel feature
area for any given year it would be classified as a mature vegetation land type either forested
or cleared.
Next, the newly classified feature classes characterizing each type of change were
merged together into a single polygon feature class for each analysis period. The resulting
attribute table of the final change polygons preserved the initial mapped channel category,
the final mapped channel category, the change type, change level and change code. The tool
was run for each set of mapped channel features. After the outputs were produced the side
channel categories were differentiated from the main channel areas by adding 100 to the
change code field with field-calculator.
The outputs from the model produced polygons with four separate categories of
change: no change, aggradation (A), erosion (E), and aggradation-in-erosion (AE) (Table 5).
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The aggradation-in-erosion category characterizes regions of change where there was
aggradation within a previously eroded area, but the area experiences a net loss in sediment.
An example of this category would be if a region previously designated as forested and
changed to an active bar. Presumably if an area was incorporated into an active channel type
it would have been eroded before depositing the bar sediment. Depending on the land type
change each polygon received a qualitative score of the approximate level of change that
occurred in the area. Regions with high levels of change (>3 m) were assigned a change level
of three whereas regions of no change were assigned a level of zero (Table 4). The
aggradation-in-erosion category represents a net loss in elevation and was included as erosion
in the final volume calculation.

3.4
3.4.1

3D Volume Calculation
High Resolution Topographic Data
High-resolution topographic data from the 2006 lidar for the Skagit River valley was

used to estimate bank relief and subsequently, the volume of sediment redistributed though
meandering and storage across the middle reach of the Skagit River and through time. This
was done by relating mapped feature classes derived from 2006 NAIP image to the lidar
elevation data and extrapolating these feature-elevation relationships to other time periods
assuming that the average relief and slope of change features remain relatively uniform
within each of the three categories of change. Additionally, to identify trends along the river,
bank heights were assessed along the main channel and major side channel by utilizing
buffers drawn along the active channels. This was done to obtain representative average
elevations of banks along the Skagit and identify locations with large sediment reservoirs as
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well as variations from upstream to downstream.
Along with topographic data, slope data was evaluated along the Skagit River. Slope
data was important for identifying exactly which areas change most rapidly as well as which
areas show stability. A slope raster was produced with 3D Analyst’s surface-slope-tool,
which calculates the maximum elevation change to adjacent pixels in the bare earth raster. As
a result, the slope raster generated contained a resolution of 18 ft (3 cells x 3 cells from
original 6-ft elevation raster).

3.4.2

Classifying Feature Elevations
Average elevation and slope of the mapped 2006 channel features were calculated

and attributed using the ArcGIS zonal-statistics-as-table tool. The tool calculates statistics
(mean, min, max, median and standard deviation) from the pixels in a raster file for the area
defined by a polygon. The results were exported as a table then rejoined to the original
channel feature class. The zonal-statistics-as-table tool was run first for the bare earth lidar
data and then a second time for the slope raster. After the elevation and slope statistics were
joined to the channel features polygon feature class they were turned into a 3D point feature
class using the polygon-to-point tool. The polygon-to-point tool turns the original polygons
into a point feature class containing the same attribute data as the original polygon feature
class. This was done so that each buffer polygon would have a single representative point
with its elevation and slope data (Figure 8).
The new point feature class representing the mapped channel features was then
plotted along the 2006 channel centerline using the locate-feature-by-route tool. Designated
side channel features were plotted separately along each major side channel using the same
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method. This allowed the points to be plotted in two dimensions along the river to determine
an average elevation for each land type category above the water surface (Figure 9).
Next, to derive the relief of the mapped channel features above the water surface, the
water surface elevation of the river in the 2006 lidar data was subtracted from the feature
elevations. This was completed by turning the 2006 channel centerline into a 3D point
feature class using the feature-to-point tool. The 3D channel centerline point feature class
was plotted and a polynomial regression was fit to the data. Then using the distance along the
river calculated in the locate-feature-by-route tool for the 2006 channel features as the x
value, the polynomial equation was solved to determine the elevation of the river water
surface at each point. This value was subtracted from the mean elevation of the polygon to
estimate the elevation of features above the water line. These new z values were then
exported, and joined back to the original polygons and point feature classes. The newly
determined elevation above the water surface data were then averaged by change code for
later use in the volume calculation (Figure 10).

3.4.3

Buffer Polygons for Characterizing Average Bank Relief

Average bank relief is important because it can be assumed that higher bank height will
lead to more sediment introduced to the river system when eroded. To identify the bank
height along the active channel (MCW and MCB) a set of six 50 foot channel parallel buffers
were drawn, referred to as buffer zones. The buffer zones were then split into smaller
analysis sections to provide higher resolution elevation change estimates along the river. This
was done by drawing a set of transects 1/16 of a mile apart along the 2006 channel centerline
using Toolbox 2 of the Channel Migration Toolbox (Legg et al., 2014). The six buffer zones
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polygons were split using the 2006 channel centerline transects using the feature-to-polygons
tool. This produced a set of six buffers for each side of the active channel every 1/16th of a
mile (Figure 8).
Along the inside of tight meanders, transects drawn perpendicular to the centerline often
intersected and created numerous small polygons within the buffer zones, these small
polygons were then merged with neighboring large polygons within the same buffer zone.
This was done to ensure that the area of each polygon was of sufficient size (>324 ft2) to
accurately calculate raster statistics from the slope raster. The original transect shapefile was
edited to match the divisions in the buffer polygons.
Further editing of the buffers zones feature class was required along several sections of
river as a result of bedrock outcrops and the road prism of WA-20. In these locations, where
the river is immediately adjacent to the highway, the bank is heavily armored, and elevations
do not represent the true elevation or slope, buffer polygons were removed from the analysis
because of the limited likelihood of channel change and contribution to the sediment budget.

3.4.4

River Depth Calculation
The depth of the river was added to the bank elevation value to establish the total

relief of banks across the emergent and wetted channel edges. This was used in the volume
calculations to account for erosion and aggradation within the active wetted channel.
Bathymetry data to constrain the relief of banks and channel edges in the middle reach are
limited but representative cross-section elevation profiles for meander and straight sections
collected as part of flow measurements near the Sauk-Skagit confluence (Grossman et al., In
Preparation) were used to characterize bathymetry of the middle reach. These cross-section
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profiles showed a thalweg ranging 2-3 m deep along cutbanks and a generally shallower 1-2
m thalweg in the center of straight channel sections.
Cross section data for the representative straight and meander sections were then
combined with meander migration rates to estimate the distance of channel thalweg
movement to obtain a mean depth value. Meander migration rates were added into the
previously drawn analysis zone polygon. A new field (channel type) was added to the
analysis zone polygon. Then each separate polygon along the river was classified as either
straight or meandering to correspond with the representative bathymetric cross sections.
To estimate channel depth for each section of the river the cross-sectional area of the
two representative channel profile types were divided into bins of 5% with respect to channel
width. Then for each section the meander migration was divided by the mean width to
estimate the percent change. The percent change was then used to determine the average
depth change relative to the previously calculated 5% bins. This was done for each time
period to reconstruct the change in wetted channel cross-sectional area and depth for
inclusion in the volume calculation. The same representative cross sections were used for the
major side channels. However, because the magnitude of the side channels was smaller, the
depth of the cross section was assumed to be 1m shallower. The estimated channel depths
were joined to the change polygons by the analysis zone polygon feature class.

3.4.5

Final Volume Calculation
The results from the 2-D Model for Aggradation and Erosion were combined with the

elevation data produced from the 2006 lidar dataset. Using the area and estimated relief of
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each change polygon, the volume of sediment either gained or lost was estimated (Equation
1).
Equation 1.

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 = 𝑎𝑎𝑎𝑎𝑉𝑉𝑎𝑎 ∗ 𝑎𝑎𝑉𝑉𝑉𝑉𝑟𝑟𝑉𝑉𝑟𝑟
𝑅𝑅𝑉𝑉𝑉𝑉𝑟𝑟𝑉𝑉𝑟𝑟 = 𝑎𝑎𝑉𝑉𝑉𝑉𝑟𝑟𝑉𝑉𝑟𝑟 𝑎𝑎𝑎𝑎𝑉𝑉𝑎𝑎𝑉𝑉 𝑤𝑤𝑎𝑎𝑤𝑤𝑉𝑉𝑎𝑎 + 𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑉𝑉𝑉𝑉 𝑑𝑑𝑉𝑉𝑑𝑑𝑤𝑤ℎ

An average elevation estimate was applied for all change categories except for Erosion Level
3 (E-3). The average elevation estimate was from the classified feature elevations for mapped
2006 channel categories described above. An average elevation was calculated for the
following land type categories: MCB, SCB, MCVB, SCVB, forested and land (Table 5).
Using the averaged values for each category the average change was calculated and classified
by the change code field. For example, if the change observed were a region where an active
bar in t0 aggraded to a vegetated bar in t1, the total elevation change would be estimated by
taking the difference between the mean vegetated bar relief and the mean bare bar relief. The
estimated elevation changes were then joined to the change polygons by the change code
field. For change categories requiring a channel depth, the channel depth was added.
For the Erosion Level 3 (E-3) category where sediment production to the river
associated with meander migration was most clearly discernable each time period, a more
localized approach was used. Here migration distance on each transect was integrated with
elevation data from the buffers to estimate volume eroded. Buffer polygons used to capture a
more accurate average elevation were used as more variation was observed in bank heights
and more resolution was required to capture these changes. The river was divided into a set
of transects to create the initial buffers. The transects were divided into a right and left bank,
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then the polygons identified as E-3 were intersected with the river transects using the
identify-tool and attributed with a volume change results based on migration distance, bank
relief and local river depth.
Error was incorporated into the volume calculation using the 0.2m vertical error of
the 2006 lidar data (Haugerud, 2008). The 0.2 m error was added to the relief value before
multiplying by area to create a maximum volume. Subsequently the 0.2m error was
subtracted from the relief value to calculate a minimum volume value.

3.5

Historical Flow Correlation
To assess trends and mechanisms explaining the lateral and volumetric changes in the

active channel of the middle reach Skagit River through time, river flow data from USGS
gauge sites at Mount Vernon, Concrete, Marblemount, and Sauk River were analyzed for the
period 1937 to 2015. Daily mean stream discharge and annual peak flow data, from these
sites that are spatially distributed around the study area were selected because of their
relatively long records and potential to inform both geomorphic forcing and response (Table
6).
The daily mean streamflow data for Concrete (12194000), Mount Vernon
(12200500), Marblemount (12181000), and the Sauk (12189500) were plotted through time.
Data were acquired from the National Water Information System (U.S. Geological Survey,
2016). After these data were plotted, standard statistics and percentiles were calculated in R,
including the 75, 80, 90, 95 and 99th percentiles. The number of flows above each of these
values per year or time period of photo analyses was calculated. In addition, mean monthly
flow, mean annual flow, and cumulative flow for each percentile were calculated for just the
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Mount Vernon gage where data coverage was more complete. Cumulative flow was
calculated by summing the daily mean value for each time period and for flow above the
percentile thresholds. Correlations of flow metrics to meander migration rates, channel width
change, sinuosity and sediment volume change were then examined by reach and by river
mile for each time period.

4

Results

4.1

Skagit mainstem channel morphology and change
There were two distinct channel morphologies in the middle reach Skagit River. The

upper region, or confined reach, had a singular channel and the thalweg remained relatively
stable throughout the 1937-2015 analysis period. The confined reach stretched from the
confluence of the Sauk River to just upstream from Hamilton, WA (Figure 1). The lower
region, or island reach, stretched from Hamilton WA, to approximately Sedro Woolley, WA.
The island reach was a rapidly evolving section of the river, contained numerous
anastomosing channels, and the thalweg changed dynamically on a decadal time scale. This
stretch of the river had many side channels that were similar in width to the main channel of
the Skagit and the main stem switched between these high order channels through time.

4.1.1

Meander Migration

The migration rates of the middle reach Skagit River varied spatially between the
confined and island reaches and through time (Table 7-15, Figure 11-13). The right and left
banks have migrated approximately five times faster in the island reach compared to the
confined reach. The mean migration rate from 1937-2015 for the island reach is 1.9, 3.2, and
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3.1 m/yr for the centerline, right and left bank respectively. The confined reach for this same
time period had an average migration rate of 1.35, 0.65 and 0.57 m/yr for centerline, right
and left bank respectively.
Jackman and Rockport reaches had the highest rates of meander migration compared to
other reaches located in the confined section. The Rockport reach, which contains the
confluence with the Sauk River showed the highest average rate of migration calculated
along the centerline which was more than three times the average migration rate for the
confined reach. The centerline of Jackman reach also migrated at a faster rate at up to 37%
higher than the mean migration rates for the right and left banks. Jackman Reach also had a
major side channel present in all time periods. The regions with the lowest migration rates in
the confined reaches included Savage, Baker, Cape Horn and Aldon reaches.
The time steps with the greatest migration rates were 1969-1978, 1978-1983 and
2003-2006. The time periods with below average background migration included the 19371956, 1956-1969,1983-2003, and the 2006-2015 time steps. In the island section of the river,
the reach with the highest rate of migration was Ross Island. It had the greatest rate of
migration for all analysis periods with the exception of the 1969-1978 time period where
Skiyou reach had higher rates of migration.

4.1.2

Sinuosity
Sinuosity remained relatively consistent through time along the mainstem Skagit

River and when averaged across the entire study area, only varied by 0.02 (Table 16). The
sinuosity only varied slightly for each of the SRSC reaches (Table 16). The most sinuous
reach was Cape Horn which had a maximum variation of 17%. The reach that was the least
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sinuous was Savage Reach which varied a maximum of 3%. In general, the confined reach
was much more sinuous than the island reach (Table 17). There was no strong correlation
between migration and sinuosity observed.

4.1.3

Channel Width
Channel width consistently decreased through time along the entire mainstem (Table

18). Width decreased from an average of 221.2 m in 1937 to 178.8 m in 2015. There was a
brief period, 1978-1983, where it increased in width. Channel widths were generally wider in
the confined reach with a mean of 194.7 m than in the island reach 154.5 m (Table 18-Table
19). There were no strong correlations between channel width and migration or sinuosity.
Channel width change showed significant correlations to meander migration, meander
migration rate, erosion and aggradation rates (Figure 16). The R2 values (or coefficient of
determination) between channel width and meander migration of centerline, left bank and
right bank were 0.29, 0.55, and 0.28 respectively. When compared to aggradation and
erosion values the R2 values were 0.23 and 0.28 respectively. The net volume change did not
correlate with channel width changes.

4.1.4

Side Channel Morphology and Change
The island reach contained the majority of side channels evaluated for channel

migration (Table 20). The number of side channels in the study area decreased steadily from
11 in 1937 to six between 2003-2006 before increasing to seven in 2015. The confined reach
only contained one major side channel (channel 10) that met the criteria for inclusion in the
side channel analysis. In 2015 one new channel (channel 21) formed off of channel ten and
was the only new channel to form in the confined reach over the entire analysis period.
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The most side channels abandoned in a single time period were five channels during
the 1937-1956 period. The greatest number of new channels to form was two channels and
this occurred in 1956, 1969, and 2015. Only two channels were present for the entire 19372015 analysis period, channel 7A and 10. However, there were eight separate channels that
were only present during one analysis period.
Migration rates varied considerably for separate side channels (Table 21-23). The
fastest migration rate observed on a side channel was 56.6 m/yr while the slowest migration
rate observed was 0.1m/yr. Sinuosity was also highly variable and had values ranging from
1.0 on channel 20B in 2015 to 3.0 on channel 7D in 1969 (Table 24). Channel widths varied
from 23.3 m wide to 272 m wide along channel 19 (Table 25). Channel 19 steadily widened
from 1969 onward.

4.2

Channel Feature Changes
The relative proportions for each change polygon remained consistent for each time

step (Table 26). The most frequently mapped category was the no change category which had
a mapped area of 64-84% of the total mapped area from 1937-2015. The two categories that
changed the greatest and contributed to the largest volume contributions were the A-1 and E3 categories. The total mapped area for these change categories was 6-13% and 2-7%,
respectively. The least common change level categories were the A-2, E-2 and AE-2
categories representing elevation changes of 5-10 m of vertical change.

4.3

Relief and Potential Sediment Supply
The reservoirs or sources of sediment for potential redistribution to the active channel

within the Skagit River floodplain increased in thickness upstream (Figure 14). The reaches
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with the largest volumes of sediment susceptible to erosion and transport were Cape Horn,
Baker, Jackman and Aldon reaches which had extensive cut banks with relief reaching
greater than 15 m. The reaches with the highest relief were located within the confined reach
of the Skagit River. In the confined reach, there were several cut banks located in friable
Pleistocene glacial deposits. The extent of lahar deposits varied but they have been mapped
downstream through the island reach.

4.4

Volume Change Results
Calculated volume changes across the middle reach Skagit River varied spatially and

through time (Table 27-29). The reach that experienced the most erosion is Rockport reach,
which showed a net loss of sediment over the entire time period analyzed. Rockport also had
the greatest magnitude of volume loss compared to any other reach. The reach that
experienced the most aggradation is Ross Island. The island area consistently aggraded in
comparison to the confined reach which experienced a net loss in sediment over the entire
1937-2015 analysis period (Table 30). The time period from 1937-1956 experienced a net
loss in volume for all reaches. Net aggradation was greatest during the time period from
1956-1969.
Volume changes strongly correlated with meander migration rates. Volumes of
erosion, aggradation and the net volume change were compared to migration rates for the
centerline, left bank and right bank for the entire time period and all reaches. The net volume
change or combined aggradation and erosion components did not have as strong of
correlation with any meander migration results as erosion or aggradation alone. R2 values for
the relation between erosion and centerline, right bank and left bank migration rate were
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0.41, 0.34 and 0.81 respectively. The relation between aggradation and centerline, right bank
and left bank migration rate had R2 values of 0.48, 0.50, and 0.48, respectively. Periods of
high migration rates corresponded to lower rates of aggradation and erosion. But the
proportion of aggradation to erosion is higher during these periods.
There was a strong correlation between aggradation and channel width when
examining across the entire river for the 1937-2015 analysis period. As channel width
increased, the aggradation rate increased. There was not a strong correlation between
increasing channel width and the net volume change. Volume change did not correlate with
sinuosity.
Channel changes were assessed on the river mile scale for the 2006-2015 time period.
Sinuosity was compared to meander migration rates, erosion, aggradation, net volume change
and channel width and had no significant correlation (Figure 15). The width change from
2006 to 2015 was also compared to meander migration rates, erosion, aggradation, net
volume change and sinuosity (Figure 16). Increased channel width correlated with increased
migration rates and had R2 values of 0.55, 0.28 and 0.29 for the left bank, right bank and
centerline respectively. Additionally, increased channel width correlated with increased
aggradation and erosion and had R2 values of 0.23 and 0.43 respectively. Net volume did not
correlate with width change. Finally as the width increased the sinuosity of the channel also
increased.

4.5

Historical Flow Results
Cumulative annual discharge varied widely through time but a notable decrease in

discharge was observed after the early 1970s (Table 31, Figure 17). While discharge
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continued to vary greatly from year to year the magnitude of variance was less after this time.
The correlation between meander migration rates and discharge values varied through
time. In general, the right and left bank migration correlated slightly better with discharge
changes than the centerline (Figure 18-26). The flow parameters evaluated showed that the
strongest correlations to centerline, right bank and left bank migration rates were the
cumulative annual discharge, and mean annual flow (Figure 18, 21, 24). R2 values for the
relation between meander migration of centerline, left bank and right bank and cumulative
annual discharge were 0.64, 0.85, and 0.45, respectively. R2 values for the relation between
centerline, left bank and right bank migration and mean annual flow were 0.04, 0.22 and
0.29. Higher migration rates corresponded with periods of less cumulative discharge.
Several river flow thresholds were established to analyze the potential role of large
discharge events (Table 32). Both the number of flows and cumulative discharge above the
99%, 95%, 90%, 80% and 75% daily mean discharge thresholds were calculated. Migration
along the right bank, left bank and centerline were compared to thresholds of flow. For the
centerline, right bank and left bank migration, the R2 value increased with lower thresholds,
i.e. the number of days with discharges above the 75th percentile correlated better than the
number of days with discharges above the 99th percentile. This same pattern held for the
cumulative flows above the various thresholds. In general, the number of flows above a
specific percentile correlated slightly better than the cumulative flow above a specific
threshold.
The correlation between change in sediment volume and flow metrics varied through
time (Table 32). Mean daily and mean monthly discharge did not correlate strongly with
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erosion, aggradation or the net volume change in sediment. In general, the individual
components of erosion and aggradation volumes correlated better than the net volume change
(Figure 27-36). Aggradation had a stronger correlation with cumulative annual flow (R2=
0.92) than mean annual flow (R2= 0.13). Erosion on the other hand showed a higher
correlation with mean annual flow (R2= 0.73) than with cumulative annual flow (R2= 0.37).
Meanwhile the net volume change had R2 values of 0.09 and 0.32 for cumulative annual flow
and mean annual flow respectively. Erosion and aggradation rates had a negative relationship
with high mean annual flows. The lower the aggradation the higher the mean annual flow.
Erosion, aggradation and net volume change were also analyzed with respect to
discharge threshold parameters. The individual components of erosion and aggradation had
strong correlations with both the number of flows and cumulative discharge. The net volume
change (aggradation-erosion) showed weak correlations with the number and cumulative
flows above specific threshold. The same trend observed in the migration data was observed
here in that as the threshold was lowered the stronger the correlation.
Higher migration rates occurred in years with higher number of 75th percentile flows.
Years with higher migration rates occurred during moderate to low discharges. Additionally,
there was also a negative correlation between centerline, left bank and right bank meander
migration and higher cumulative flow. Finally, there was a weak correlation between mean
annual flow and migration rates.
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5

5.1

Discussion

Geomorphic Trends
The middle reach of the Skagit River from 1937-2015 was primarily an alluvial

controlled river with two different morphologies present. The two morphologies were the
upper confined reach and the sediment-rich lower island reach. The confined reach was a
meandering river whereas the island reach was anastomosing and the main channel often
switched between similar magnitude channels.
The geomorphology of the mainstem Skagit River changed significantly from 19372015. The bankfull width as interpreted from air photographs steadily decreased 19% from
1937-2015. The mainstem length decreased by 2%. Other first order changes observed
include the number of large side channels. The island reach had 11 side channels in 1937,
where in 2015 that number decreased to seven side channels. These two trends suggest that
the river is becoming a more confined narrower river and is possibly incising more rapidly.
Another possibility for the reduction in channel numbers is an increase in channel armoring
that alters flow direction. The island reach also has higher rates of aggradation relating to a
surplus of sediment.
The primary sediment in the middle reach is alluvium, which is primarily composed of
remobilized lahar and Pleistocene glacial outwash sediments. In-place lahar and active
erosion of Pleistocene glacial deposits occurs only in a few locations (Figure 3). The grain
size along the middle reach varies from fine silts to coarse cobbles.
Vegetation colonization occurs gradually in the middle reaches as observed in the
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aerial imagery. As a point bar or central channel bar establishes, its initial vegetation
succession typically includes primary succession plant species such as alder saplings which
establish somewhat sparsely. As vegetation becomes more established and grows larger (> 12 m) it rapidly becomes an effective trap for sediment, which accelerates aggradation and
produces large levee and swale topography. Eventually secondary succession species take
over riparian vegetation types. Secondary succession plant types include coniferous tree
types typical of the Pacific Northwest including Douglas Fir, Western Hemlock and Western
Red Cedar. As the second succession vegetation establishes it promotes further aggradation.
These different types of vegetation reflect the amount of aggradation throughout the analysis.
Sinuosity does not appear to have much of a control on river changes and has remained
consistent through time from 1937-2015. Width seems to be slightly more important and
affected by different discharge values with higher discharge correlating to widening of
channels. Channel narrowing occurs with periods of higher erosion, higher cumulative
annual discharge and a greater number of high volume flows. This supports the idea that the
majority of sediment transport occurs during high flow events.
Discharge strongly influences meander migration. Higher meander migration rates
tended to occur in concordance with moderate but frequent discharges and tended to be lower
during periods with higher cumulative discharges or a higher number of high discharge
events (Figure 18-26). Centerline migration rates were slightly lower than right and left bank
migration rates and typically did not correlate as well with volume change as the right and
left bank migration rates. Bank changes are likely more apparent in aerial imagery and may
capture more minor changes compared to the centerline. Centerlines typically had smoother
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curvature in comparison to bank edges and could lead to apparent lower migration rates as a
result. The higher variability of meander migration in the right and left banks coupled with
higher migration during periods of moderate to low flow indicates that there is more of an
aggradational control on bank edges.
Higher migration correlates with higher sediment inputs. This is demonstrated in
Rockport reach which contains the confluence with the Sauk River and showed the highest
average rate of migration for any section of the river. The Sauk also contributes a sizeable
~38% (Jaeger et al., In Review) of the total sediment load. Most of the aggradation in the
middle reaches of the Skagit River is observed in the island reach, suggesting that there is a
surplus of sediment in this location.

5.2

Primary Controls on Volumetric Changes
The positive correlation between the amount of aggradation compared with the amount

of erosion in each section of the river suggests that there is a relationship between the two
components. Periods of high erosion correlated with periods of high aggradation. However,
the amount of erosion compared to aggradation in each section changed both spatially and
temporally. Periods of high erosion upstream contribute to subsequent periods of aggradation
downstream (Figure 37). Aggradation responds to the amount of sediment in the river and is
controlled by erosion rates upstream.
Erosion and aggradation along the river strongly correlated with changes in river
discharge. Periods with high cumulative annual discharge correspond to periods of higher
erosion and aggradation. Aggradation and erosion influence meander migration rates. As the
river erodes a cut bank and subsequently builds a point bar it causes the channel to migrate.
35

Higher migration rates occur in periods of low to moderate discharge and contributes to more
aggradation relative to erosion. During a storm event, there is an abundance of sediment that
enters the river system, subsequently the surplus of sediment leads to aggradation on
downstream point bars. When the river returns to a more normal period of flow the newly
aggraded sediment causes channel migration. Higher sediment supply forces the river to
respond and change positions as a result of the excess sediment. This is supported by the
higher amounts of aggradation in the island reach. This same pattern was observed in a
meander migration study on the Brazos River in Texas (Giardino and Lee, 2011).
A higher cumulative annual flow is strongly associated with larger amounts of
transported sediment. This same pattern is observed during periods of abundant flows above
specific discharge thresholds, particularly number of flows above the 75th percentile. Overall
there appears to be a balance between aggradation and erosion through time but in recent
years, erosion has been higher leading to a net flux of sediment to the lower Skagit River.
Erosion is higher relative to aggradation in the middle reaches of the Skagit River during
years with more frequent high discharge flows. This supports previous findings of
atmospheric river events moving large amounts of sediment. During the two most recent time
periods analyzed (2003-2006 and 2006-2015) the entire middle reaches study area
experienced a net loss (erosion) in sediment. Incidentally several atmospheric river events
occurred during this time frame, occurring in 2003, 2005, 2006, and 2009 (Neiman et al.,
2011, 2008; Ralph et al., 2011).
In the Rockport reach just below the confluence with the Sauk River (river miles 63-67)
the interaction between channel morphology and volume changes with respect to large storm
36

events was observed and demonstrates the relationships between sediment availability and
delivery and channel meander rate. During the 2003-2006 time period there was relatively
little geomorphic change near the confluence with the Sauk River despite the region
experiencing a large atmospheric river event in October 2003 (Neiman et al., 2011) (Figure
38). The region experienced limited channel width change, modest centerline migration of
approximately 50 m, and a net loss in sediment. During the 2006-2015 time period, however,
the reach experienced a sharp decrease in channel width, while centerline migration
increased dramatically and the region experienced a large amount of erosion (Figure 39).
During this same time period the left bank bar immediately downstream of the confluence
nearly tripled in size reflecting significant aggradation during the 2006-2015 time period.
The aggradation likely sourced from sediment produced in the Sauk system during the 2003
and 2006 events. During the same period, the right bank Skagit River migrated 250-300 m,
eroding the entire bar/island complex observed in 2003 and 2006. The high rate of meander
and bank erosion is assumed to be a direct response to changes in channel conveyance forced
by progradation and expansion of the left bank bar. Locally in this reach, the high
meandering forced by bar aggradation associated with presumed Sauk sediment input
resulted in net erosion and in fact net erosion of the entire Rockport reach. This trend
supports that aggradation forces large migration events and that large storm events can flush
sediment though the system.
Over the most recent time period (2006-2015) the mean annual sediment load from the
middle reaches was 630,000 Mg. This accounts for approximately 25% of the estimated
2,500,000 Mg annual sediment load calculated from sediment rating curves (Czuba et al.,
2011). However, this value likely underestimates the suspended sediment load. Most of the
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changes identified by the 2D Model for Aggradation and Erosion are large (>1m). Smaller
scale changes are less likely to be captured and are more likely to include smaller scale
changes under lower flow conditions that transport more fine sediment relative to coarse
sediment. The estimated sediment contributions from the Sauk River are 950,000 Mg (Jaeger
et al., In Review) and account for a little more than one third of the total. The middle reach of
the Skagit River supplies a significant portion of the sediment delivered to the Skagit River
Delta.

5.3

Future Implications of Climate Change
There is an increase in the amount of erosion in comparison to aggradation in the

more recent time periods of 2003-2006 and from 2006-2015. Stream response time and
catchment size will likely be altered with climate change (Murphy, 2016). The catchment
size will increase because there is more hydraulically connected areas as more precipitation
falls as rain in the winter (Lee et al., 2016; Murphy, 2016). There will likely be a much more
seasonal pattern of aggradation and erosion in the future. Summer runoff from glaciers
declined by 23% from 1959-2009 (Riedel and Larrabee, 2016), this will likely lead to
increased aggradation and meander migration during the spring and summer months as the
freshette decreases. An increased sediment load is correlated to the presence of avalancheface bars that slowly migrate downstream (Ashmore, 1991). Erosion will likely be much
higher during the winter months with periods of higher flow and more precipitation falling as
rain. Assessing temporal variability in erosion and aggradation was not possible for this
analysis because the images obtained were taken over time frames of 3-20 years and all
images were obtained during the summer months.
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5.4

Error
The large scale of this project and limited amount of available high resolution

topographic data led to several assumptions carried throughout the volume analysis: 1)
Different land categories (vegetated bars, bars and forested/cleared) are at a consistent
elevation above the river, 2) River terraces formed by glacial outwash in the confined reaches
are relatively flat and have consistent elevations above the river through time, 3) Crosssection channel morphology used to calculate change in wetted channel depth along meander
bends and straight reaches were representative of channel depth for mainstem and side
channels, 4) The no change category had negligible volume gain or loss, 5) Uniform
aggradation or erosion was assumed for each change polygon.
The assumption that mean elevation above the river channel that was characterized by
the mapped 2006 land categories was consistent both spatially and temporally (Figure 8).
There were two main trends observed in the 2006 land data elevations. First, there was a
distinct difference between the confined and island reaches, the elevations above the river
surface were markedly higher in the confined reach. Second, the side channels had
significantly lower relief observed above the river channels. This trend is likely the result of
the size and confinement of the channel. Smaller channels with less stream power do not
move as much sediment and cannot erode as efficiently or build as large of bars. The limited
mobility of the confined reach compared to the island reach leads to more localized channel
incision and the higher cut banks in this section. The sediment reservoirs are larger in the
confined section where there are large cut banks of up to 20m.
The second assumption was that river terraces have remained at a consistent elevation
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through time. This assumption is supported with evidence from the 2006 lidar data. Actively
eroding river terraces have very low slope changes <5 degrees and have similar elevations
across them and also slope gradually downstream.
Third, the channel depth was consistent throughout the reach. There is a limited amount
of river cross section data in the Skagit River. Channel depths characteristic of a straight
section and meander above the Baker River confluence were assumed along the mainstem for
this study. It is likely that channel depths vary more than these idealized conditions and better
bathymetry coverage would help these analyses. However, channel depth was used to
calculate the presumed aggradation and erosion underwater and elevation changes were
applied equally to both aggradation and erosion. Overall the channel depth is a small
component in the total relief calculation
The fourth assumption is that the category of no change had only negligible changes.
Regions classified as having no change likely had some small-scale changes. Capturing these
small changes would require detailed monitoring which was not feasible for the scale of this
study. However, these small areas of aggradation and erosion were likely negligible in the
total volume calculation.
Finally, uniform aggradation and erosion was assumed for each individual change
polygon, when it likely varied on smaller spatial scales. Calculating a single uniform
aggradation value for an area of erosion likely overestimated the total volume produced
because it does not account for the slope change within the polygon. This error in calculation
is also likely present in regions of aggradation and is likely balanced.

40

This analysis could have improved by analyzing more frequently collected photos (e.g. 1
or 2-year intervals) to achieve higher resolution in the timing of events. Additionally, there is
new lidar data collected in 2016 that has yet to be processed and disseminated which will
refine our understanding of the elevation and relief of features across the study domain and
through time. Due to uncertainty in the quality of the 2006 lidar elevations direct comparison
of the 2006 data to the new 2016 lidar will provide unique quantitative information of
elevation change to inform and refine our feature class elevation interpretations. Using this
method would provide an important control to the aerial image analysis that extrapolated the
2006 elevation relationships to past features.
The error estimate was calculated with the maximum vertical error published with the
2006 lidar data. Vertical error in the 2006 lidar was 0.2 m (Haugerud, 2008). For each time
step the vertical error was added to the relief and used in the volume calculation to determine
a maximum. It was then subtracted from the relief to calculate a minimum volume change.
While the lidar data had a significant vertical error due to the post processing most of the
artifacts were located in forested regions. In general polygons mapped as forested areas were
larger and likely had a smaller total error compared to smaller polygons. Artifacts in the lidar
data were minimal in regions of bare sediment and light vegetation which is where most of
the recorded change was occurring.
The digitization of channel features was not analyzed for error. Digitization error was
minimized by mapping to a specific (1:2000) scale. Errors in digitization are likely but it
affects both aggradation and erosion components equally. Additionally, because of the large
scale of this project the effect was likely minimal and balanced among aggradation and
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erosion categories.

6

Conclusion
An automated workflow was developed to assess historical changes in the

geomorphology and sediment production along the middle reaches of the Skagit River. The
results from the 2D model for aggradation and erosion were integrated with 2006 lidar data
to estimate the volume changes along the middle reaches of the Skagit River. Channel and
volumetric changes were compared with historical river discharge data to identify spatial and
temporal trends for when and how sediment is transported through the middle reaches.
The bulk of sediment delivered to the lower Skagit River was from the middle reaches
of the mainstem and the Sauk River, whose confluence with the Skagit is near Rockport,
WA. The Sauk River contains numerous glacially-fed tributaries with headwaters located in
weak, hydrothermally altered rock it only contributes around a third of the sediment
delivered to the lower Skagit (Jaeger et al., In Review). The middle reach of the Skagit River
contributes an average of 25% of the total sediment load delivered to the lower Skagit River.
High rates of meander migration are more prevalent during periods of low to moderate
discharges. Low to moderate discharges suggest that during this time the reduced stream
power leads to higher rates of aggradation which contributes to meander migration.
Aggradation forces lateral channel migration. In the Skagit River Basin aggradation and
erosion are in somewhat of an equilibrium. When large volumes of sediment erode,
comparable amounts of sediment are aggraded when looking at the system as a whole.
Sediment is primarily transported during large storm events which also corresponds to
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periods of lower migration.
An increased sediment load will have a negative impact on the lower Skagit River
watershed. It will affect salmonid species by harming habitat and will affect humans by
increasing the flood risk within the population centers of Mount Vernon and Sedro Woolley.
The majority of sediment moves during large storm events or during years with higher
cumulative annual flows which are expected to increase with climate change. With this we
can expect a higher component of erosion within the net sediment budget for the Skagit
River. Improved flood mitigation and management will be needed in the future in the face of
increased sediment loads.
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Tables

Table 1. Aerial imagery inventory. Flight data and resolution information from Ramsden
2016. Acquisition information in parenthesis refers to where SRSC obtained data
(Ramsden, 2016).

Table 2. Inventory of major hydroelectric projects within the Skagit River Watershed. Data from
USGS Stream Gauges 12193000 and 12191600, (Puget Sound Energy, n.d.; Seattle City Light,
n.d.; U.S. Geological Survey, 2017a, 2017b).

48

Table 3. Channel mapping category descriptions.

Table 4. Summary of change captured by 2D Model of Aggradation and Erosion.

49

Table 5. Summary of mean elevation data used for volume calculation. Mean elevation
values were used in the volume calculation for all categories except for E3. The E3 category
used localized bank elevation in the volume calculation.

Table 6. Inventory of stream gauges used in analysis. All data were aquired from the USGS
National Water Information System (U.S. Geological Survey, 2016).

50

Table 7. Centerline migration rates (m/yr) averaged by geomorphic reach.

Table 8. Right bank migration rates (m/yr) averaged by geomorphic reach.

Table 9. Left bank migration rates (m/yr) averaged by geomorphic reach.

51

Table 10. Centerline migration (m) calculated by river mile.

52

Table 11. Centerline migration rate (m/yr) calculated by river mile.

53

Table 12. Right bank migration (m) calculated by river mile.

54

Table 13. Right bank migration rate (m/yr) calculated by river mile.

55

Table 14. Left bank migration (m) calculated by river mile.

56

Table 15. Left bank migration rate (m/yr) calculated by river mile.

57

Table 16. Sinuosity results averaged by geomorphic reach. Sinuosity is calculated by dividing channel
length of centerline by the straight distance between the two endpoints. SRSC sinuosity values from
Ramsden, 2016.

58

Table 17. Sinuosity results of mainstem Skagit River averaged by river mile.

59

Table 18. Mainstem channel width results averaged by geomorphic reach Width was
calculated from the bankfull channel and includes wetted areas (MCW) and bare bars
(MCB).

60

Table 19. Mainstem channel width (m) results averaged by river mile. Width was
calculated from the bankfull channel and includes wetted areas (MCW) and bare bars
(MCB).

61

Table 20. Inventory of side channels.

62

Table 21. Side channel meander migration (m) and meander migration rates (m/yr) observed along the left bank.

63

Table 22. Side channel meander migration (m) and meander migration rates (m/yr) observed along the centerline.

64

Table 23. Side channel meander migration (m) and meander migration rates (m/yr) observed along the right bank.

65

Table 24. Side channel sinuosity results.

66

Table 25. Side channel width results. Width was calculated from the bankfull channel and includes wetted areas (SCW) and bare
bars (SCB).

67

Table 26. Summary of results from 2D Aggradation and Erosion Model. Values are in thousands of m2 and thousands of m3.

68

Table 27. Summary of volume change and sediment volume change rate for each geomorphic reach.

69

Table 28. Mass of sediment entering and leaving the river system averaged by geomorphic reach. Mass values are in thousands
of Mg. Density of material was estimated to be 1600kg/m3.

70

Table 29. Net volume change (m3/yr) averaged by geomorphic reach. Negative values
represent a net loss of sediment where erosion rates were greater than aggradation rates.
The total is the net volume change for the entire river over the specified time period.

71

Table 30. Net volume change (m3) calculated by river mile section. Negative values
represent a net loss of sediment (erosion) whereas positive values represent a net gain of
sediment (aggradation).

72

Table 31. Summary of results for the main channel from Rockport, WA to Sedro Woolley,
WA. Note that migration rates and volume change were calculated over a period of time
and results are placed in the year the analysis ended.

Table 32. Summary of discharge values for the Mount Vernon Stream Gauging Site
(USGS 12200500), (U.S. Geological Survey, 2016). Total discharge was calculated by
summing mean daily discharge for each time period. Percentile flow values are the total
number of flows that exceeded the threshold value (threshold values in parentheses).
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Figures

Figure 1. Location map of the Skagit River Basin. A) Division of upper, middle and lower Skagit River
watershed. B). Study area subdivisions made based on geomorphic characteristic (SRSC reaches).

74

Figure 2. Map of hydromodifications in the Skagit River Basin, modified from WWU, 2012.
Impounded sediment refers to regions of the watershed that are cut off from the lower Skagit as a result
of hydroelectric projects. The Sauk River watershed (in green) is estimated to contribute 25-30% of the
75
total sediment budget for the Skagit River (Curran et al, 2016).

Figure 3. Suficial geology map of the Skagit River Basin. Modified from 1:24,4000 Surface Geology Map (Washington
Geological Survey, 2016).
76

Figure 4. Schematic workflow for determining volumetric changes along the Skagit River.

77

Figure 5. Examples of channel feature types used in the mapping of aerial photos by SRSC.
Cleared=cleared for agriculture, forested= mature forest, mcb=main channel bars, mcvb=main
channel vegetated bars, mcw=main channel wetted, scb=side channel bars, scvb=side channel
vegetated bars, scw=side channel wetted.
78

Figure 6. Site map of side channel locations. Side channel location is represented by the
most recent channel centerline location. Top: Island reach side channel locations.
Bottom: Confined reach side channel locations. Note that channels 10 and 21 are located
in Jackman Reach.
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Figure 7. Method for determining channel migration. A).The initial channel centerlines from
1978 and 1983 overlain onto the 1983 image. B).The channel migration toolbox (Legg et al
2014) creates polygons between the two channel centerlines to calculate the area of change,
which is divided by the total reach length to calculate total channel migration.
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Figure 8. Process for determining sediment sources along the Skagit River. A) The ArcGIS
buffer tool was used to create a set of six fifty foot buffers along the active channel features
(mcw,mcb,scw, and scb) of the Skagit River. The buffers were divided by a set of transects of
330ft (1/16 of a mile). The transects were drawn along the mapped 2006 channel centerline
using tool 2 of the Channel Migration Toolbox (Legg et al 2014). B) This image shows the
channel buffers divided by the transects drawn in A. Statistics from the 2006 bare earth lidar
and a slope change raster were calculated for each buffer zone. C) Statistics calculated for
each buffer zone were joined to point feature class located within each zone. Buffer zone data
that were located within bedrock or within highway road prism were removed from the
dataset because it is unlikely that they would be immediately affected by channel changes.
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Figure 9. Elevation profile of mapped 2006 land categories along the Skagit River. Each point
represents the mean elevation of a mapped land category (mcb, mcvb, forested or cleared). The
mean elevation was calculated for each land type polygon using the 2006 bare earth lidar data.
Data are plotted along the elevation profile of 2006 channel centerline. The mean elevation of
each land type above the water surface was used in the final volume calculation (Table 5).
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Figure 10. Schematic map and cross section of aggradational vegetation sequence. A) Map
showing a region showing vegetation sequence and mapped channel features of 2006 NAIP
image. B) Map showing the change in from 2006-2015. Overlain onto the 2006 NAIP image.
C) Cross section showing relative elevation change of different mapped land categories. Cross
section topographic profile derived from 2006 bare earth lidar. D) Cross section
demonstrating the expected change with meander migration and the associated elevation gains
and losses along a cross section. Note how the river depth is needed to capture the total relief
change observed in meander migration.
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Figure 11. Centerline bank migration rates averaged over river mile for the mainstem
Skagit River.
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Figure 12. Right bank migration rates averaged over river mile for the mainstem Skagit
River.
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Figure 13. Left bank migration rates averaged over river mile for the mainstem Skagit River.
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Figure 14. Mean erodible bank height along the mainstem Skagit River. Each point
represents the mean erodible bank height of the Skagit River.

87

Figure 15. Mainstem channel sinuosity compared to migration rate, volume changes and
channel width for the 2006-2015 time period. A) 2015 sinuosity compared to 2006-2015
left bank migration rate. B) 2015 sinuosity compared to 2006-2015 right bank migration
rate. C) 2015 sinuosity compared to the 2006-2015 centerline migration rate. D) 2015
sinuosity compared to the 2006-2015 aggradation rate. E) 2015 sinuosity compared to the
2006-2015 erosion rate. F) 2015 sinuosity compared to the 2006-2015 net volume change.
G) 2015 sinuosity compared to the 2015 mean channel width.
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Figure 16. Mainstem channel width change compared to migration rate, volume changes
and sinuosity for the 2006-2015 time period. A) 2006-2015 channel width change
compared to the 2006-2015 left bank migration rate. B) 2006-2015 channel width change
compared to 2006-2015 right bank migration rate. C) 2006-2015 channel width change
compared to the 2006-2015 centerline migration rate. D) 2006-2015 channel width change
compared to the 2006-2015 aggradation rate. E) 2006-2015 channel width change
compared to the 2006-2015 erosion rate. F) 2006-2015 channel width change compared to
the 2006-2015 net volume change. G) 2006-2015 channel width change compared to the
2015 sinuosity.
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Figure 17. Annual cumulative discharge. Calculated by summing the daily mean discharge
for each WY.
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Figure 18. Centerline migration rate compared to mean daily, mean monthly, mean annual,
and cumulative discharge. A) Centerline migration rate compared to mean daily discharge.
B) Centerline migration rate compared to mean monthly discharge. C) Centerline migration
rate compared to the mean annual discharge. D) Centerline migration rate compared to
cumulative discharge.
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Figure 19. Centerline migration rate compared to the total number of flows exceeding the
99th, 95th, 90th, 80th, and 75th percentiles of mean daily discharge. A) Centerline migration
rate compared to the total number of flows exceeding the 99th percentile of mean daily
discharge. B) Centerline migration rate compared to the total number of flows exceeding
the 95th percentile of mean daily discharge. C) Centerline migration rate compared to the
total number of flows exceeding the 90th percentile of mean daily discharge. D) Centerline
migration rate compared to the total number of flows exceeding the 80th percentile of mean
daily discharge. E) Centerline migration rate compared to the total number of flows
exceeding the 75th percentile of mean daily discharge.
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Figure 20. Centerline migration rate compared to the cumulative discharge of flows
exceeding the 99th, 95th, 90th, 80th and 75th percentiles of mean daily flow. A) Centerline
migration rate compared to the cumulative discharge of flows exceeding the 99th percentile
of mean daily discharge. B) Centerline migration rate compared to the cumulative discharge
of flows exceeding the 95th percentile of mean daily discharge. C) Centerline migration rate
compared to the cumulative discharge of flows exceeding the 90th percentile of mean daily
discharge. D) Centerline migration rate compared to the cumulative discharge of flows
exceeding the 80th percentile of mean daily discharge. E) Centerline migration rate
compared to the cumulative discharge of flows exceeding the 75th percentile of mean daily
discharge.
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Figure 21. Left bank migration rate compared to mean daily, mean monthly, mean annual,
and cumulative discharge. A) Left bank migration rate compared to mean daily discharge.
B) Left bank migration rate compared to mean monthly discharge. C) Left bank migration
rate compared to the mean annual discharge. D) Left bank migration rate compared to
cumulative discharge.
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Figure 22. Left bank migration rate compared to the total number of flows exceeding the
99th, 95th, 90th, 80th, and 75th percentiles of mean daily discharge. A) Left bank migration
rate compared to the total number of flows exceeding the 99th percentile of mean daily
discharge. B) Left bank migration rate compared to the total number of flows exceeding the
95th percentile of mean daily discharge. C) Left bank migration rate compared to the total
number of flows exceeding the 90th percentile of mean daily discharge. D) Left bank
migration rate compared to the total number of flows exceeding the 80th percentile of mean
daily discharge. E) Left bank migration rate compared to the total number of flows
exceeding the 75th percentile of mean daily discharge.
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Figure 23. Left bank migration rate compared to the cumulative discharge of flows
exceeding the 99th, 95th, 90th, 80th and 75th percentiles of mean daily flow. A) Left bank
migration rate compared to the cumulative discharge of flows exceeding the 99th percentile
of mean daily discharge. B) Left bank migration rate compared to the cumulative discharge
of flows exceeding the 95th percentile of mean daily discharge. C) Left bank migration rate
compared to the cumulative discharge of flows exceeding the 90th percentile of mean daily
discharge. D) Left bank migration rate compared to the cumulative discharge of flows
exceeding the 80th percentile of mean daily discharge. E) Left bank migration rate
compared to the cumulative discharge of flows exceeding the 75th percentile of mean daily
discharge.
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Figure 24. Right bank migration rate compared to mean daily, mean monthly, mean
annual, and cumulative discharge. A) Right bank migration rate compared to mean daily
discharge. B) Right bank migration rate compared to mean monthly discharge. C) Right
bank migration rate compared to the mean annual discharge. D) Right bank migration rate
compared to cumulative discharge.

97

Figure 25. Right bank migration rate compared to the total number of flows exceeding the
99th, 95th, 90th, 80th, and 75th percentiles of mean daily discharge. A) Right bank migration
rate compared to the total number of flows exceeding the 99th percentile of mean daily
discharge. B) Right bank migration rate compared to the total number of flows exceeding
the 95th percentile of mean daily discharge. C) Right bank migration rate compared to the
total number of flows exceeding the 90th percentile of mean daily discharge. D) Right bank
migration rate compared to the total number of flows exceeding the 80th percentile of mean
daily discharge. E) Right bank migration rate compared to the total number of flows
exceeding the 75th percentile of mean daily discharge.
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Figure 26. Right bank migration rate compared to the cumulative discharge of flows
exceeding the 99th, 95th, 90th, 80th and 75th percentiles of mean daily flow. A) Right bank
migration rate compared to the cumulative discharge of flows exceeding the 99th percentile
of mean daily discharge. B) Right bank migration rate compared to the cumulative
discharge of flows exceeding the 95th percentile of mean daily discharge. C) Right bank
migration rate compared to the cumulative discharge of flows exceeding the 90th percentile
of mean daily discharge. D) Right bank migration rate compared to the cumulative
discharge of flows exceeding the 80th percentile of mean daily discharge. E) Right bank
migration rate compared to the cumulative discharge of flows exceeding the 75th percentile
of mean daily discharge.
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Figure 27. Meander migration rates compared to volume change. A) Erosion rate
compared to right bank meander migration rate. B) Erosion rate compared to left bank
migration rate. C) Erosion rate compared to centerline migration rate. D) Aggradation rate
compared to right bank migration rate. E) Aggradation rate compared to left bank
migration rate. F) Aggradation rate compared to centerline migration rate. G) Net volume
change compared to right bank migration rate. H) Net volume change compared to left
bank migration rate. I) Net volume change compared to centerline migration rate.
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Figure 28. Aggradation rate compared to mean daily, mean monthly, mean annual, and
cumulative discharge. A) Aggradation rate compared to mean daily discharge. B)
Aggradation rate compared to mean monthly discharge. C) Aggradation rate compared to
the mean annual discharge. D) Aggradation rate compared to cumulative discharge.
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Figure 29. Aggradation rate compared to the total number of flows exceeding the 99th, 95th,
90th, 80th, and 75th percentiles of mean daily discharge. A) Aggradation rate compared to
the total number of flows exceeding the 99th percentile of mean daily discharge. B)
Aggradation rate compared to the total number of flows exceeding the 95th percentile of
mean daily discharge. C) Aggradation rate compared to the total number of flows
exceeding the 90th percentile of mean daily discharge. D) Aggradation rate compared to the
total number of flows exceeding the 80th percentile of mean daily discharge. E)
Aggradation rate compared to the total number of flows exceeding the 75th percentile of
mean daily discharge.

102

Figure 30. Aggradation rate compared to the cumulative discharge of flows exceeding the
99th, 95th, 90th, 80th and 75th percentiles of mean daily flow. A) Aggradation rate compared
to the cumulative discharge of flows exceeding the 99th percentile of mean daily discharge.
B) Aggradation rate compared to the cumulative discharge of flows exceeding the 95th
percentile of mean daily discharge. C) Aggradation rate compared to the cumulative
discharge of flows exceeding the 90th percentile of mean daily discharge. D) Aggradation
rate compared to the cumulative discharge of flows exceeding the 80th percentile of mean
daily discharge. E) Aggradation rate compared to the cumulative discharge of flows
exceeding the 75th percentile of mean daily discharge.
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Figure 31. Erosion rate compared to mean daily, mean monthly, mean annual, and
cumulative discharge. A) Erosion rate compared to mean daily discharge. B) Erosion rate
compared to mean monthly discharge. C) Erosion rate compared to the mean annual
discharge. D) Erosion rate compared to cumulative discharge.
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Figure 32. Erosion rate compared to the total number of flows exceeding the 99th, 95th,
90th, 80th, and 75th percentiles of mean daily discharge. A) Erosion rate compared to the
total number of flows exceeding the 99th percentile of mean daily discharge. B) Erosion
rate compared to the total number of flows exceeding the 95th percentile of mean daily
discharge. C) Erosion rate compared to the total number of flows exceeding the 90th
percentile of mean daily discharge. D) Erosion rate compared to the total number of flows
exceeding the 80th percentile of mean daily discharge. E) Erosion rate compared to the total
number of flows exceeding the 75th percentile of mean daily discharge.
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Figure 33. Erosion rate compared to the cumulative discharge of flows exceeding the 99th,
95th, 90th, 80th and 75th percentiles of mean daily flow. A) Erosion rate compared to the
cumulative discharge of flows exceeding the 99th percentile of mean daily discharge. B)
Erosion rate compared to the cumulative discharge of flows exceeding the 95th percentile of
mean daily discharge. C) Erosion rate compared to the cumulative discharge of flows
exceeding the 90th percentile of mean daily discharge. D) Erosion rate compared to the
cumulative discharge of flows exceeding the 80th percentile of mean daily discharge. E)
Erosion rate compared to the cumulative discharge of flows exceeding the 75th percentile of
mean daily discharge.
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Figure 34. Net volume change rate compared to mean daily, mean monthly, mean annual,
and cumulative discharge. A) Net volume change compared to mean daily discharge. B)
Net volume change compared to mean monthly discharge. C) Net volume change
compared to the mean annual discharge. D)Net volume change compared to cumulative
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Figure 35. Net volume change rate compared to the total number of flows exceeding the
99th, 95th, 90th, 80th, and 75th percentiles of mean daily discharge. A) Net volume change
compared to the total number of flows exceeding the 99th percentile of mean daily
discharge. B) Net volume change compared to the total number of flows exceeding the 95th
percentile of mean daily discharge. C) Net volume change compared to the total number of
flows exceeding the 90th percentile of mean daily discharge. D) Net volume change
compared to the total number of flows exceeding the 80th percentile of mean daily
discharge. E) Net volume change compared to the total number of flows exceeding the 75th
percentile of mean daily discharge.
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Figure 36. Net volume change rate compared to the cumulative discharge of flows
exceeding the 99th, 95th, 90th, 80th and 75th percentiles of mean daily flow. A) Net volume
change compared to the cumulative discharge of flows exceeding the 99th percentile of
mean daily discharge. B) Net volume change compared to the cumulative discharge of
flows exceeding the 95th percentile of mean daily discharge. C) Net volume change
compared to the cumulative discharge of flows exceeding the 90th percentile of mean daily
discharge. D) Net volume change compared to the cumulative discharge of flows exceeding
the 80th percentile of mean daily discharge. E) Net volume change compared to the
cumulative discharge of flows exceeding the 75th percentile of mean daily discharge.
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Figure 37. Heat map of volume changes by river mile. Warmer colors represent
aggradation whereas cooler colors represent erosion.
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Figure 38. Stacked plot of channel changes from 2003-2006. A) Channel width (2006 channel
width-2003 channel width), B) Meander migration(m), C) Meander migration rate (m/yr), D) Net
volume change (m3).
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Figure 39. Stacked plot of channel changes from 2006-2015. A) Channel width (2015 channel
width-2006 channel width), B) Meander migration(m), C) Meander migration rate (m/yr), D) Net
volume change (m3).
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Appendix

Figure 1. Mean erodible bank height of Skiyou Reach from 2006 lidar data.. Each dot represents the mean erodible bank height of a 1/16 mile section of the
river. Erodible bank height is the elevation above the water surface elevation.
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Figure 2. Mean erodible bank height of Ross Island Reach from 2006 lidar data.. Each dot represents the mean erodible bank height of a 1/16 mile section of
the river. Erodible bank height is the elevation above the water surface elevation.
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Figure 3. Mean erodible bank height of Cockreham Reach from 2006 lidar data.. Each dot represents the mean erodible bank height of a 1/16 mile section of
the river. Erodible bank height is the elevation above the water surface elevation.
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Figure 4. Mean erodible bank height of Savage Reach from 2006 lidar data.. Each dot represents the mean erodible bank height of a 1/16 mile section of the
river. Erodible bank height is the elevation above the water surface elevation.
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Figure 5. Mean erodible bank height of Cape Horn Reach from 2006 lidar data.. Each dot represents the mean erodible bank height of a 1/16 mile section of
the river. Erodible bank height is the elevation above the water surface elevation.
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Figure 6. Mean erodible bank height of Baker Reach from 2006 lidar data.. Each dot represents the mean erodible bank height of a 1/16 mile section of the
river. Erodible bank height is the elevation above the water surface elevation.
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Figure 7. Mean erodible bank height of Jackman Reach from 2006 lidar data.. Each dot represents the mean erodible bank height of a 1/16 mile section of the
river. Erodible bank height is the elevation above the water surface elevation.
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Figure 8. Mean erodible bank height of Aldon Reach from 2006 lidar data.. Each dot represents the mean erodible bank height of a 1/16 mile section of the
river. Erodible bank height is the elevation above the water surface elevation.
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Figure 9. Mean erodible bank height of Rockport Reach from 2006 lidar data.. Each dot represents the mean erodible bank height of a 1/16 mile section of
the river. Erodible bank height is the elevation above the water surface elevation.
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Figure 10. Observed channel changes in Skiyou Reach from 1937-October 1956. AE represents the aggradation within erosion category and represents a net
loss in sediment.
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Figure 11. Observed channel changes in Ross Island Reach from 1937-October 1956. AE represents the aggradation within erosion
category and represents a net loss in sediment.
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Figure 12. Observed channel changes in Cockreham Reach from 1937-October 1956. AE represents the aggradation within erosion category and represents a
net loss in sediment.

124

Figure 13. Observed channel changes in Savage Reach from 1937-October 1956. AE represents the aggradation within erosion category and represents a net
loss in sediment.
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Figure 14. Observed channel changes in Cape Horn Reach from 1937-October 1956. AE represents the aggradation within erosion category and represents a
net loss in sediment.
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Figure 15. Observed channel changes in Baker Reach from 1937-October 1956. AE represents the aggradation within erosion category and represents a net
loss in sediment.
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Figure 16. Observed channel changes in Jackman Reach from 1937-October 1956. AE represents the aggradation within erosion category and represents a
net loss in sediment.
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Figure 17. Observed channel changes in Aldon Reach from 1937-October 1956. AE represents the aggradation within erosion category and represents a net
loss in sediment.
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Figure 18. Observed channel changes in Rockport Reach from 1937-October 1956. AE represents the aggradation within erosion category and represents a
net loss in sediment.
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Figure 19. Observed channel changes in Skiyou Reach from July 1956-June 1970. AE represents the aggradation within erosion category and represents a
net loss in sediment.
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Figure 20. Observed channel changes in Ross Island Reach from July 1956-June 1970. AE represents the aggradation within erosion category and represents
a net loss in sediment.
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Figure 21. Observed channel changes in Cockreham Reach from July 1956-June 1970. AE represents the aggradation within erosion category and represents a
net loss in sediment.
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Figure 22. Observed channel changes in Savage Reach from July 1956-June 1970. AE represents the aggradation within erosion category and represents a
net loss in sediment.
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Figure 23. Observed channel changes in Cape Horn Reach from July 1956-June 1970. AE represents the aggradation within erosion category and represents
a net loss in sediment.
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Figure 24. Observed channel changes in Baker Reach from July 1956-June 1970. AE represents the aggradation within erosion category and represents a net
loss in sediment.
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Figure 25. Observed channel changes in Jackman Reach from July 1956-June 1970. AE represents the aggradation within erosion category and represents a
net loss in sediment.
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Figure 26. Observed channel changes in Aldon Reach from July 1956-June 1970. AE represents the aggradation within erosion category and represents a net
loss in sediment.
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Figure 27. Observed channel changes in Rockport Reach from July 1956-June 1970. AE represents the aggradation within erosion category and represents a
net loss in sediment.
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Figure 28. Observed channel changes in Skiyou Reach from July 1969-August 1978. AE represents the aggradation within erosion category and represents a
net loss in sediment.
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Figure 29. Observed channel changes in Ross Island Reach from July 1969-August 1978. AE represents the aggradation within erosion category and
represents a net loss in sediment.
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Figure 30. Observed channel changes in Cockreham Reach from July 1969-August 1978. AE represents the aggradation within erosion category and
represents a net loss in sediment.
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Figure 31. Observed channel changes in Savage Reach from July 1969-August 1978. AE represents the aggradation within erosion category and represents a
net loss in sediment.
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Figure 32. Observed channel changes in Cape Horn Reach from July 1969-August 1978. AE represents the aggradation within erosion category and
represents a net loss in sediment.
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Figure 33. Observed channel changes in Baker Reach from July 1969-August 1978. AE represents the aggradation within erosion category and represents a
net loss in sediment.
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Figure 34. Observed channel changes in Jackman Reach from July 1969-August 1978. AE represents the aggradation within erosion category and represents
a net loss in sediment.

146

Figure 35. Observed channel changes in Aldon Reach from July 1969-August 1978. AE represents the aggradation within erosion category and represents a
net loss in sediment.
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Figure 36. Observed channel changes in Rockport Reach from July 1969-August 1978. AE represents the aggradation within erosion category and represents
a net loss in sediment.

148

Figure 37. Observed channel changes in Skiyou Reach from June 1978-October 1983. AE represents the aggradation within erosion category and represents
a net loss in sediment.
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Figure 38. Observed channel changes in Ross Island Reach from June 1978-October 1983. AE represents the aggradation within erosion category and
represents a net loss in sediment.
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Figure 39. Observed channel changes in Cockreham Reach from June 1978-October 1983. AE represents the aggradation within erosion category and
represents a net loss in sediment.
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Figure 40. Observed channel changes in Savage Reach from June 1978-October 1983. AE represents the aggradation within erosion category and represents
a net loss in sediment.
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Figure 41. Observed channel changes in Cape Horn Reach from June 1978-October 1983. AE represents the aggradation within erosion category and
represents a net loss in sediment.
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Figure 42. Observed channel changes in Baker Reach from June 1978-October 1983. AE represents the aggradation within erosion category and represents a
net loss in sediment.
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Figure 43. Observed channel changes in Jackman Reach from June 1978-October 1983. AE represents the aggradation within erosion category and
represents a net loss in sediment.
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Figure 44. Observed channel changes in Aldon Reach from June 1978-October 1983. AE represents the aggradation within erosion category and represents a
net loss in sediment.
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Figure 45. Observed channel changes in Rockport Reach from June 1978-October 1983. AE represents the aggradation within erosion category and
represents a net loss in sediment.
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Figure 46. Observed channel changes in Skiyou Reach from May 1983-September 2003. AE represents the aggradation within erosion category and
represents a net loss in sediment.
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Figure 47. Observed channel changes in Ross Island Reach from May 1983-September 2003. AE represents the aggradation within erosion category and
represents a net loss in sediment.
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Figure 48. Observed channel changes in Cockreham Reach from May 1983-September 2003. AE represents the aggradation within erosion category and
represents a net loss in sediment.
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Figure 49. Observed channel changes in Savage Reach from May 1983-September 2003. AE represents the aggradation within erosion category and
represents a net loss in sediment.
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Figure 50. Observed channel changes in Cape Horn Reach from May 1983-September 2003. AE represents the aggradation within erosion category and
represents a net loss in sediment.
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Figure 51. Observed channel changes in Baker Reach from May 1983-September 2003. AE represents the aggradation within erosion category and
represents a net loss in sediment.
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Figure 52. Observed channel changes in Jackman Reach from May 1983-September 2003. AE represents the aggradation within erosion category and
represents a net loss in sediment.
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Figure 53. Observed channel changes in Aldon Reach from May 1983-September 2003. AE represents the aggradation within erosion category and
represents a net loss in sediment.
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Figure 54. Observed channel changes in Rockport Reach from May 1983-September 2003. AE represents the aggradation within erosion category and
represents a net loss in sediment.
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Figure 55. Observed channel changes in Skiyou Reach from August 2003-August 2006. AE represents the aggradation within erosion category and
represents a net loss in sediment.
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Figure 56. Observed channel changes in Ross Island Reach from August 2003-August 2006. AE represents the aggradation within erosion category and
represents a net loss in sediment.
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Figure 57. Observed channel changes in Cockreham Reach from August 2003-August 2006. AE represents the aggradation within erosion category and
represents a net loss in sediment.
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Figure 58. Observed channel changes in Savage Reach from August 2003-August 2006. AE represents the aggradation within erosion category and
represents a net loss in sediment.
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Figure 59. Observed channel changes in Cape Horn Reach from August 2003-August 2006. AE represents the aggradation within erosion category and
represents a net loss in sediment.
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Figure 60. Observed channel changes in Baker Reach from August 2003-August 2006. AE represents the aggradation within erosion category and represents
a net loss in sediment.
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Figure 61. Observed channel changes in Jackman Reach from August 2003-August 2006. AE represents the aggradation within erosion category and
represents a net loss in sediment.
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Figure 62. Observed channel changes in Aldon Reach from August 2003-August 2006. AE represents the aggradation within erosion category and represents
a net loss in sediment.
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Figure 63. Observed channel changes in Rockport Reach from August 2003-August 2006. AE represents the aggradation within erosion category and
represents a net loss in sediment.
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Figure 64. Observed channel changes in Skiyou Reach from July 2006-September 2015. AE represents the aggradation within erosion category and
represents a net loss in sediment.
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Figure 65. Observed channel changes in Ross Island Reach from July 2006-September 2015. AE represents the aggradation within erosion category and
represents a net loss in sediment.
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Figure 66. Observed channel changes in Cockreham Reach from July 2006-September 2015. AE represents the aggradation within erosion category and
represents a net loss in sediment.
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Figure 67. Observed channel changes in Savage Reach from July 2006-September 2015. AE represents the aggradation within erosion category and
represents a net loss in sediment.
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Figure 68. Observed channel changes in Cape Horn Reach from July 2006-September 2015. AE represents the aggradation within erosion category and
represents a net loss in sediment.
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Figure 69. Observed channel changes in Baker Reach from July 2006-September 2015. AE represents the aggradation within erosion category and represents
a net loss in sediment.
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Figure 70. Observed channel changes in Jackman Reach from July 2006-September 2015. AE represents the aggradation within erosion category and
represents a net loss in sediment.
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Figure 71. Observed channel changes in Aldon Reach from July 2006-September 2015. AE represents the aggradation within erosion category and represents
a net loss in sediment.
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Figure 72. Observed channel changes in Rockport Reach from July 2006-September 2015. AE represents the aggradation within erosion category and
represents a net loss in sediment.

184

Figure 73. Scaled volume changes in Skiyou Reach from 1937-October 1956. Each dot represents the volume produced from a single change polygon.

185

Figure 74. Scaled volume changes in Ross Island Reach from 1937-October 1956. Each dot represents the volume produced from a single change polygon.
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Figure 75. Scaled volume changes in Cockreham Reach from 1937-October 1956. Each dot represents the volume produced from a single change polygon.
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Figure 76. Scaled volume changes in Savage Reach from 1937-October 1956. Each dot represents the volume produced from a single change polygon..

188

Figure 77. Scaled volume changes in Cape Horn Reach from 1937-October 1956. Each dot represents the volume produced from a single change polygon.
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Figure 78. Scaled volume changes in Baker Reach from 1937-October 1956. Each dot represents the volume produced from a single change polygon.
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Figure 79. Scaled volume changes in Jackman Reach from 1937-October 1956. Each dot represents the volume produced from a single change polygon.
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Figure 80. Scaled volume changes in Aldon Reach from 1937-October 1956. Each dot represents the volume produced from a single change polygon.
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Figure 81. Scaled volume changes in Rockport Reach from 1937-October 1956. Each dot represents the volume produced from a single change polygon.
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Figure 82. Scaled volume changes in Skiyou Reach from July 1956-June 1970. Each dot represents the volume produced from a single change polygon.
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Figure 83. Scaled volume changes in Ross Island Reach from July 1956-June 1970. Each dot represents the volume produced from a single change polygon.
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Figure 84. Scaled volume changes in Cockreham Reach from July 1956-June 1970. Each dot represents the volume produced from a single change polygon.
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Figure 85. Scaled volume changes in Savage Reach from July 1956-June 1970. Each dot represents the volume produced from a single change polygon.
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Figure 86. Scaled volume changes in Cape Horn Reach from July 1956-June 1970. Each dot represents the volume produced from a single change polygon.
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Figure 87. Scaled volume changes in Baker Reach from July 1956-June 1970. Each dot represents the volume produced from a single change polygon.
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Figure 88. Scaled volume changes in Jackman Reach from July 1956-June 1970. Each dot represents the volume produced from a single change polygon.
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Figure 89. Scaled volume changes in Aldon Reach from July 1956-June 1970. Each dot represents the volume produced from a single change polygon.
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Figure 90. Scaled volume changes in Rockport Reach from July 1956-June 1970. Each dot represents the volume produced from a single change polygon.
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Figure 91. Scaled volume changes in Skiyou Reach from July 1969-August 1978. Each dot represents the volume produced from a single change polygon.
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Figure 92. Scaled volume changes in Ross Island Reach from July 1969-August 1978. Each dot represents the volume produced from a single change
polygon.
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Figure 93. Scaled volume changes in Cockreham Reach from July 1969-August 1978. Each dot represents the volume produced from a single change
polygon.
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Figure 94. Scaled volume changes in Savage Reach from July 1969-August 1978. Each dot represents the volume produced from a single change polygon.
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Figure 95. Scaled volume changes in Cape Horn Reach from July 1969-August 1978. Each dot represents the volume produced from a single change
polygon.
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Figure 96. Scaled volume changes in Baker Reach from July 1969-August 1978. Each dot represents the volume produced from a single change polygon.
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Figure 97. Scaled volume changes in Jackman Reach from July 1969-August 1978. Each dot represents the volume produced from a single change polygon.
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Figure 98. Scaled volume changes in Aldon Reach from July 1969-August 1978. Each dot represents the volume produced from a single change polygon.
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Figure 99. Scaled volume changes in Rockport Reach from July 1969-August 1978. Each dot represents the volume produced from a single change polygon.
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Figure 100. Scaled volume changes in Skiyou Reach from June 1978-October 1983. Each dot represents the volume produced from a single change polygon.
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Figure 101. Scaled volume changes in Ross Island Reach from June 1978-October 1983. Each dot represents the volume produced from a single change
polygon.
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Figure 102. Scaled volume changes in Cockreham Reach from June 1978-October 1983. Each dot represents the volume produced from a single change
polygon.
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Figure 103. Scaled volume changes in Savage Reach from June 1978-October 1983. Each dot represents the volume produced from a single change polygon.
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Figure 104. Scaled volume changes in Cape Horn Reach from June 1978-October 1983. Each dot represents the volume produced from a single change
polygon.
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Figure 105. Scaled volume changes in Baker Reach from June 1978-October 1983. Each dot represents the volume produced from a single change polygon.
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Figure 106. Scaled volume changes in Jackman Reach from June 1978-October 1983. Each dot represents the volume produced from a single change
polygon.
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Figure 107. Scaled volume changes in Aldon Reach from June 1978-October 1983. Each dot represents the volume produced from a single change polygon.
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Figure 108. Scaled volume changes in Rockport Reach from June 1978-October 1983. Each dot represents the volume produced from a single change
polygon.
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Figure 109. Scaled volume changes in Skiyou Reach from May 1983-September 2003. Each dot represents the volume produced from a single change
polygon.
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Figure 110. Scaled volume changes in Ross Island Reach from May 1983-September 2003. Each dot represents the volume produced from a single change
polygon.
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Figure 111. Scaled volume changes in Cockreham Reach from May 1983-September 2003. Each dot represents the volume produced from a single change
polygon.
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Figure 112. Scaled volume changes in Savage Reach from May 1983-September 2003. Each dot represents the volume produced from a single change
polygon.
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Figure 113. Scaled volume changes in Cape Horn Reach from May 1983-September 2003. Each dot represents the volume produced from a single change
polygon.
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Figure 114. Scaled volume changes in Baker Reach from May 1983-September 2003. Each dot represents the volume produced from a single change
polygon.
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Figure 115. Scaled volume changes in Jackman Reach from May 1983-September 2003. Each dot represents the volume produced from a single change
polygon.
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Figure 116. Scaled volume changes in Aldon Reach from May 1983-September 2003. Each dot represents the volume produced from a single change
polygon.
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Figure 117. Scaled volume changes in Rockport Reach from May 1983-September 2003. Each dot represents the volume produced from a single change
polygon.
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Figure 118. Scaled volume changes in Skiyou Reach from August 2003-August 2006. Each dot represents the volume produced from a single change
polygon.
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Figure 119. Scaled volume changes in Ross Island Reach from August 2003-August 2006. Each dot represents the volume produced from a single change
polygon.
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Figure 120. Scaled volume changes in Cockreham Reach from August 2003-August 2006. Each dot represents the volume produced from a single change
polygon.
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Figure 121. Scaled volume changes in Savage Reach from August 2003-August 2006. Each dot represents the volume produced from a single change
polygon.
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Figure 122. Scaled volume changes in Cape Horn Reach from August 2003-August 2006. Each dot represents the volume produced from a single change
polygon.
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Figure 123. Scaled volume changes in Baker Reach from August 2003-August 2006. Each dot represents the volume produced from a single change
polygon.
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Figure 124. Scaled volume changes in Jackman Reach from August 2003-August 2006. Each dot represents the volume produced from a single change
polygon.
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Figure 125. Scaled volume changes in Aldon Reach from August 2003-August 2006. Each dot represents the volume produced from a single change
polygon.
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Figure 126. Scaled volume changes in Rockport Reach from August 2003-August 2006. Each dot represents the volume produced from a single change
polygon.
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Figure 127. Scaled volume changes in Skiyou Reach from July 2006-September 2015. Each dot represents the volume produced from a single change
polygon.
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Figure 128. Scaled volume changes in Ross Island Reach from July 2006-September 2015. Each dot represents the volume produced from a single change
polygon.
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Figure 129. Scaled volume changes in Cockreham Reach from July 2006-September 2015. Each dot represents the volume produced from a single change
polygon.
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Figure 130. Scaled volume changes in Savage Reach from July 2006-September 2015. Each dot represents the volume produced from a single change
polygon.
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Figure 131. Scaled volume changes in Cape Horn Reach from July 2006-September 2015. Each dot represents the volume produced from a single change
polygon.
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Figure 132. Scaled volume changes in Baker Reach from July 2006-September 2015. Each dot represents the volume produced from a single change
polygon.
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Figure 133. Scaled volume changes in Jackman Reach from July 2006-September 2015. Each dot represents the volume produced from a single change
polygon.
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Figure 134. Scaled volume changes in Aldon Reach from July 2006-September 2015. Each dot represents the volume produced from a single change
polygon.
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Figure 135. Scaled volume changes in Rockport Reach from July 2006-September 2015. Each dot represents the volume produced from a single change
polygon.
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